3D basin modelling is used to investigate the history of maturation and hydrocarbon generation on the main platforms in the northwestern part of the offshore area of the Netherlands. The study area covers the Cleaverbank and Elbow Spit Platforms. Recently compiled maps and data are used to build the input geological model. An updated and refined palaeo water depth curve and newly refined sediment water interface temperatures (SWIT) are used in the simulation. Basal heat flow is calculated using tectonic models. Two main source rock intervals are defined in the model, Westphalian coal seams and pre-Westphalian shales, which include Namurian and Dinantian successions. The modelling shows that the pre-Westphalian source rocks entered the hydrocarbon generation window in the Late Carboniferous. In the southern and central parts of the study area, the Namurian started producing gas in the Permian. In the north, the Dinantian source rocks appear to be immature. Lower Westphalian sediments started generating gas during the Upper Triassic. Gas generation from Westphalian coal seams increased during the Paleogene and continues in present-day. This late generation of gas from Westphalian coal seams is a likely source for gas accumulations in the area.
Introduction
This paper presents results of 3D basin modelling of the burial history and the history of temperature, source rock maturity and timing of hydrocarbon generation in the offshore Netherlands from 320 Ma to present day. The study area is predominantly a platform area which includes the Cleaverbank and Elbow Spit platforms (CP and ESP respectively; Fig. 1 ). The platforms form an important gas producing area in the Dutch offshore. Gas is produced from both Westphalian and Upper Rotliegend sandstones. Not much is known about the gas source and charge. It is anticipated that the reservoirs are charged from Westphalian coal seams and possibly also from pre-Westphalian source rocks (Gerling et al., 1999; De Jager & Geluk, 2007) .
As a result of the declining production from Rotliegend fields, Carboniferous reservoirs are gaining more attention. This is especially the case towards the north of the study area where Rotliegend sandstones are pinching out. Understanding the maturity evolution of the Westphalian and pre-Westphalian source rocks is thus essential for evaluating Carboniferous plays in the area. This might also shed more light on the occurrence of locally high nitrogen contents in gas fields in the area. The nitrogen content of natural gas accumulations in the study area varies from <10 Mol % to very high values in Carboniferous reservoirs (>80 Mol % in the D blocks). In this study, basin modelling is used to reconstruct key elements and processes important for evaluating the petroleum systems. This includes burial history (sedimentation and erosion history), basal heat flow history as well as history of temperature and source rock maturity. The focus is on Westphalian and pre-Westphalian (Namurian and Dinantian) source rocks. We used the results of the TNO mapping program (see Kombrink et al., this issue) including a new 3D stratigraphic model and petrophysical properties. New boundary conditions are applied such as newly constructed basal heat flow models and updated and refined palaeo sediment water interface temperatures and palaeo water depths. Model calibration data, such as temperature and vitrinite reflectance are derived from an updated in-house database. 
Geological setting
The stratigraphic succession present in the study area is given in Fig. 2 . A detailed and extensive overview of the regional geology and petroleum geology of the Netherlands and the Cleaverbank Platform is presented by Quirk (1993) , TNO-NITG (2004) , Duin et al. (2006) and Wong et al. (2007) and references therein. This geological setting is based on these publications and on the results of the recently completed mapping project (Kombrink et al., this issue) .
The Cleaverbank Platform covers the D, E, K, and western L quadrants. The eastern margin of the platform is defined by a complex set of NW-SE and N-S normal faults underlying the Zechstein salt. Important phases of the geodynamic history of the area include the Saalian phase of uplift and erosion, Triassic extension and subsidence, Mid and Late Kimmerian erosion and rifting, and Sub-Hercynian and Laramide inversion phases.
During the Early Carboniferous, the Netherlands was located in the foreland basin of the Variscan orogen . The collapse of the Variscan orogen at the Carboniferous-Permian transition caused regional thermal uplift and erosion of parts of the Upper Carboniferous deposits (Saalian erosion phase). Uplift was followed by thermal relaxation and regional subsidence, leading to the deposition of a succession of aeolian and fluvial sediments (Slochteren Formation) and desert lake deposits (Silverpit Formation) of the Upper Rotliegend Group in the Late Permian Doornenbal & Stevenson, 2010) . These sediments were subsequently buried by evaporites, carbonates and clays of the Zechstein Group.
Deposition on the platform areas continued until Mid Jurassic times, although the succession was probably more condensed than in the Mesozoic extensional basins to the east. In the Mid Jurassic, thermal doming led to the uplift of much of the area (Ziegler, 1990; . This phase of uplift is attributed to rifting in combination with a global fall in sea level and caused widespread erosion in the platform areas (Mid and Late Kimmerian; Ziegler, 1990; . Lower Jurassic and Upper Triassic strata were completely removed in places (Quirk, 1993) .
In Early Cretaceous times eustatic sea level rose. The area was gradually inundated and deposition of siliciclastic sediments took place. Regional thermal subsidence prevailed. The Late Cretaceous is characterised by deposition of a thick succession of limestones belonging to the Chalk Group. The present-day thickness of Chalk Group varies over the area but increases southwards. Cenozoic sediments unconformably overlie the Chalk Group. Figure 3 shows the distribution of gas fields in the area. Gas is reservoired in sandstone units of the Limburg and Upper Rotliegend groups. Carboniferous reservoirs have been found in the Westphalian A and B (Botney Mbr) and Westphalian C and D (Hospital Ground Fm.; Fig. 2 ). The fields are concentrated in the northern K and southern D and E quadrants at depths around 3500 to 4000 m. Westphalian sandstones in the Cleaverbank Platform were deposited by fluvial systems from northerly sources. The reservoir quality deteriorates southward (De Jager & Geluk, 2007) . Rotliegend reservoirs (Slochteren Formation) are located in the D and K quadrants in the southern sector of the Cleaverbank Platform. To the north, the Slochteren sandstones shale out into the Silverpit Formation. In the northern K blocks and adjacent areas, the shaly Silverpit Formation provides a seal for the underlying basal Slochteren sandstone (De Jager & Geluk, 2007) , but the main top seal is the Zechstein evaporite unit that covers large parts of the area.
Petroleum systems
The gas source is still largely unknown. Based on geochemical analysis of gas samples from Carboniferous reservoirs, Gerling et al. (1999) suggest that the accumulated gas is a mixture of terrestrial and marine source rocks. Gerling et al. (1999) suggested that most of the gases could have been generated from sapropelic marine source rocks. The postulated marine source rocks could either be Namurian or Dinantian shales. The possible contribution of pre-Westphalian source rocks to gas reservoirs in the area is also proposed by Schroot et al. (2006) . These workers showed that the pre-Westphalian might have charged the reservoirs in the eastern and southern margins of the Elbow Spit Platform. In addition to the pre-Westphalian deposits (Namurian and Dinantian), the Coal Measures of the Carboniferous Limburg Group are thought to have contributed to the gas accumulations too (Gerling et al., 1999) .
The Dinantian source rock, which subcrops the Permian in the northern part of the study area, comprises deltaic coal bearing sediments of the Farne Group. The total organic carbon (TOC) in these sediments is between 0.89-1.87% and the organic matter is of type III kerogen (Gerling et al., 1999; Schroot et al., 2006) . The Namurian source rocks in the area consist of marine and deltaic sediments known as the Millstone Grit and Epen formations. Namurian shales may include good source rocks of type II kerogen (Gerling et al., 1999) . The coal bearing source rocks of the Westphalian Maurits and Klaverbank formations are of kerogen type III. Gradstein et al. (2004) , except: 1) the Triassic (according to Kozur & Bachmann (2008) ); 2) the Upper Jurassic (according to Munsterman et al. (this issue) ); and 3) the Quaternary (according to the International Commission on Stratigraphy (2008) ). The Western European nomenclature is used for the Carboniferous series and stages.
Basin modelling: input and boundary conditions

Geological model
The initial 3D stratigraphic model consists of 9 stratigraphic groups. (Table 1 ). The assigned lithology for each of the layers is based on the generalised description of the lithology as described by Van Adrichem Boogaert & Kouwe (1993) . Facies variations are taken into account for three layers; the Rotliegend, Klaverbank and Namurian formations. Facies maps for these formations are based on well observations (Table 1) . The Carboniferous section in the model is constructed based on a subcrop map of the Carboniferous formations ( Fig. 4 ; Kombrink et al., 2010) . The subcrop map is based on well and biostratigraphic data (Kombrink et al., 2010) . In addition, well data and stratigraphical and palaeogeographical concepts have been used to reconstruct the depositional thicknesses of the formations. Depositional thicknesses of 300, 200 and 200 m are given to the Step Graben, Hospital Ground and Maurits formations respectively. The Klaverbank Formation is given a depositional thickness that varies between 1500 m in the south to 1000 m in the north of the area.
The subcrop map shows that in the northern part of the study area the Namurian (Millstone Grit Formation) and Westphalian successions are absent. The Dinantian Farne Group subcrops directly below the Upper Rotliegend Group (Fig. 4) . The Namurian and the Dinantian are given depositional thicknesses of 500 m and 1000 m, respectively. The thicknesses are speculative and are mainly based on regional data and palaeogeographical concepts (for example Gerling et al., 1999; Kombrink, 2008) . Both layers are combined in the model in a single layer named the Pre-Westphalian with a total depositional thickness of 1500 m. Two lithofacies are assigned to the Pre-Westphalian layer in the model. The Pre-Westphalian layer is assigned a deep marine facies in the south which reflects the Namurian facies. In the northern part of the study area, the Pre-Westphalian is assigned a fluvial and deltaic facies (cf. Gerling et al., 1999; Schroot et al., 2006; Kombrink, 2008) .
Two source rock types are assigned to reflect the two facies. The northern part of the layer, where the Namurian is eroded, is defined as source rock of type III (Gerling et al., 1999; Schroot et al., 2006) . The rest of the layer further south is defined as source rock type II which represents the deep-water Namurian facies (Gerling et al., 1999; Schroot et al., 2006) Wells used for 1D extractions used for burial history, temperature and maturity analysis are given the red colour.
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is available on the distribution and the location of the organicrich beds in the Pre-Westphalian layer. In this study we assume that the organic matter is uniformly distributed over the whole succession. The Klaverbank and Maurits coal-bearing formations of the Limburg Group are defined in the model as source rocks of kerogen type III. For the Klaverbank Formation, the properties varied following the lateral facies distribution in the area. The original TOC and HI values used in the modelling are estimated from measured data from surrounding areas in our in-house database and published sources (e.g. Gerling et al., 1999; Van Balen et al., 2000; Pletsch et al., 2010) . Source rock properties of these intervals are shown in Table 2 .
Main uplift and erosion phases in the model are limited to the Saalian and Mid-Late Kimmerian events. Later events, such as the Laramide, Pyrenean and Savian, are not included because of their limited extension and intensity in the area compared to other erosion events. A number of additional non-deposition phases are included in the model as well (Table 1 ). The amount of eroded material is estimated for each erosional period using regional and stratigraphic information from well and seismic data (Kombrink et al., this issue) . 
Boundary conditions
Palaeo water depths (PWD) are allowed to vary in time in the study area. The PWD curve is compiled based on literature as well as detailed investigation by the Geobiology department at TNO for some specific intervals. The palaeo water depths are kept constant over the entire area for each time interval (Fig. 6 ). The palaeo temperature at the sediment water interface (SWIT) is calculated with an integrated PetroMod tool that takes into account the palaeo water depth and the evolution of ocean surface temperatures through time depending on palaeolatitude of the area. For the Cenozoic and Quaternary more detailed temperature boundary conditions are reconstructed. This is done in order to take into account the effect of Cenozoic warming and cooling fluctuations on source rock maturity and hydrocarbon generation in the studied region (Verweij et al., 2012) . Basal heat flow is modelled using the 1D tectonic heat flow modelling tool PetroProb (Van Wees et al., 2009 ). The tool uses the sedimentation, uplift and erosion history for single wells to predict the evolution of the basal heat flow in that well. PetroProb takes into account the tectonic evolution of the basin and requires a user-defined model of the lithosphere. Basal heat flow histories are constructed at two well locations to generate heat flow maps for the whole area for all stages (Wells E10-02 and K01-02; Abdul Fattah et al., 2012a) . Tectonic subsidence is calculated from the decompacted burial history at the wells. The observed tectonic subsidence is inverted and a best-fit tectonic model is found which is used to predict the basal heat flow. Uncertainties in the input parameters are taken into account during the calculations and as a result the modelled heat flows are expressed in a probabilistic way. The models are calibrated to measured temperatures and vitrinite reflectance data from the well (Van Wees et al., 2009) . The heat flow model that gives the best fit is selected. The Saalian tectonic phase is identified in the model as a thermal uplifting event followed by thermal relaxation that provided accommodation space in Late Permian times . Therefore, a non-uniform tectonic model is adopted where the sub-crustal lithosphere undergoes more stretching than the crustal lithosphere which remains stable (Van Wees et al., 2009) . For the Mid-Late Kimmerian phase, the tectonic model assumes a thermal doming associated with crustal stretching. A non-uniform tectonic model is adopted which counts for a crustal stretching (extensional settings) as well as thermal uplift and underplating that resulted in erosion (Abdul Fattah et al., 2012a) .
Modelling results suggest that the thermal uplift and underplating during the Saalian and the Mid-Late Kimmerian erosion phases have resulted in a peak in the basal heat flow (Fig. 7) . The Mid-Late Kimmerian (Mid-Late Jurassic) uplift is associated0 with a peak in basal heat flow reaching 77 mW/m 2 in E10-02 and 70 mW/m 2 in K01-02. This difference in the heat Kombrink et al., 2010) . flow can be attributed to differences in tectonic history, burial evolution and stratigraphic succession in both wells (Abdul Fattah et al., 2012a) . The present-day basal heat flow is at its minimum, reaching values of 55-60 mW/m2 with slightly higher values in the Cleaverbank Platform (well E10-02).
Default set-ups, assumptions and calibration
Default simulation set-ups concern the lithologies of the different formations and their associated properties. These properties include thermal conductivity, radiogenic heat production, heat capacity as well as mechanical compaction equations and porosity-permeability relations. Thermal conductivity values are defined based on a pre-defined thermal conductivity model (the Sekiguchi Model; PetroMod 11). The radiogenic heat production is calculated for the rock matrices for each of the lithologies. The compaction model is based on the Hydrostatic Athy's law Model where the porosity versus depth curve is a theo retical curve that assumes a hydrostatic pressure and a uni form lithological column. Measured porosities and permeabilities provided the basis for selecting the proper compaction and porosity-permeability relations. Temperature and vitrinite reflectance data are used to calibrate the 1D and later the 3D input model. The maturity modelling is based on the Sweeney & Burnham (1990) 
Results
Burial history
The burial history as well as temperature and maturity history are discussed using representative 1D extractions of the 3D model at the location of three wells; E10-02 and K01-02 located on the Cleaverbank Platform, and well E02-02 located on the Elbow Spit Platform (Fig. 3) .
The burial history (Fig. 8) shows two phases of rapid subsidence and sedimentation in the two platforms; during the Late Carboniferous and Late Permian-Early Triassic (~270-245 Ma). (~170-150 Ma; the Mid-Late Kimmerian phase). The area remains uplifted from the Late Jurassic until the Early Cretaceous and starts to subside gently during the Mid Cretaceous. These burial histories are similar to other platforms in the vicinity (e.g. De Jager, 2003 Verweij et al., 2009 Verweij et al., , 2010 . The burial history shows that the area has reached maximum burial at presentday. The northern Elbow Spit Platform has under gone less burial than the rest of the area (well E02-02; Fig. 8 ). The burial depth of Carboniferous source rocks on the Elbow Spit Platform at presentday is similar to the burial depth in Mid Jurassic times (Fig. 8 ). Fig. 3 .
Thermal history
Modelled present-day temperatures in wells E10-02 and K01-02 show a good fit with measured temperatures (Fig. 9a ). Figure 8 shows the modelled temperature evolution of the source rock intervals for the selected wells. The simulation results show lower temperatures in the northern part of the study area (well E02-02) compared to wells K01-02 and E10-02 (Fig. 8) . The simulated temperature history shows two major heating peaks at wells E10-02 and K01-02. (Fig. 8) . In well E02-02, the temperature of the Pre-Westphalian layer varied between 110 °C to 130 °C during the Late Jurassic-Early Cretaceous and has similar values at present-day. The simulation results indicate an additional temperature peak during the Late Carboniferous. The layer reached a temperature of around 130 °C prior to Saalian uplift and erosion (Fig. 8 ).
Maturation history
Modelled present-day maturity (vitrinite reflectance) at the location of the wells is presented in Fig. 9b . The modelled maturity is in a good agreement with measured values. Modelled maturity history (vitrinite reflectance) and the hydrocarbon zones of Carboniferous source rocks at the location of the three 1D extractions are shown in Fig. 10 . The maturity history indicates that the deepest parts of the assigned source rock units entered the hydrocarbon generation ranges already in the Carboniferous. The maturity increased during the Triassic and reached a peak in Early Jurassic and prior to the Late Kimmerian uplift (~170 Ma). The central part of the Cleaverbank Platform (wells K01-02 and E10-02) reached its maximum maturity at present-day. The Pre-Westphalian in this part of the study area reached the overmature state already in the Late Triassic (Fig. 10) .
Hydrocarbon generation history
The modelled hydrocarbon zones are shown in Fig. 10 . Despite the increase in maturity, the Pre-Westphalian layer did not enter the hydrocarbon generation zone in the northern part of the Elbow Spit Platform (well E02-02). In other parts of the study area, the Pre-Westphalian started hydrocarbon generation during the Late Carboniferous. While upper parts of the layer were generating oil, the lower parts were generating gas. In the Permian, the deepest parts of the Pre-Westphalian were already overmature. By the Triassic, only the upper parts of the Pre-Westphalian in the majority of the platform area were able to produce gas. The Pre-Westphalian reached the overmature state in the end of the Triassic (Fig. 10) . Maturity history shows that the deeper parts of the Klaverbank Formation started oil generation in the Triassic. Most of the layer entered the gas window at the onset of the Paleogene (Fig. 10) . The model indicates that the Maurits Formation started hydrocarbon generation in the Paleogene (Fig. 10) . A number of variations in the degree of present-day maturity are observed over the study area (Fig. 11) . While the Pre-Westphalian is immature in the northern part, it appears to be overmature in the central and southern parts of the study area. Only the northern parts of the Cleaverbank and the Elbow Spit platforms are still in oil and gas windows (Fig. 11) . The Klaverbank Formation is in the gas window in most of the study area. The formation is immature in the western parts of the Elbow Spit Platform and the northern parts of Silverpit Platform. It has reached the overmature state in the central part of the Cleaverbank Platform (Fig. 11) . The Maurits Formation appears to be in the gas window in the Cleaverbank Platform. It is still immature in parts of the Cleaverbank Platform to the west (Fig. 11) .
The transformation ratio is another indicator of hydrocarbon generation. It is the ratio of generated petroleum to the original petroleum potential in a source rock. The transformation ratio provides information on the timing of hydrocarbon generation and is calculated for the source rock units. The Fig. 9b .maturity values (vitrinite reflectance) in a selection of wells in the study area. Location of the wells is shown in Fig. 3. https://doi.org/10.1017/S0016774600000378 calculation of the transformation ratios is based on the Pepper and Corvi (1995) TII and TIII kinetic models. Figure 12 shows the transformation ratio (TR-All %) of the three Carboniferous source rocks at the location of five 1D extractions (Fig. 3) . A remarkable difference is observed in the transformation ratio of the Pre-Westphalian layer between the northern part and the rest of the study area. The model indicates that only a small amount of the transformable organic material is converted to hydrocarbons at well E02-02. In all other wells, however, almost all the organic material is converted to hydrocarbons at presentday (Fig. 12) . In all of these wells, a jump in the transformation ratio took place in the Late Carboniferous. About 90 % of the organic material in the Pre-Westphalian layer was transformed by the end of the Triassic.
The history of the transformation ratio of the Klaverbank Formation shows more variations over the area. In places, hydrocarbon generation within the Klaverbank Formation started during Early Triassic and reached a first peak in Mid Jurassic (Fig. 12) . The magnitude of the transformation ratio varies significantly. In well K04-02, almost 25% of the organic material in the Klaverbank was transformed by the Mid Jurassic. This percentage did not exceed 10% in the other wells. Starting Well E10-02 Fig. 10. Modelled maturity (left) and hydrocarbon generation (right) history for the major source rock units in thee well extractions. The modelled hydrocarbon generation is based on the applied generation kinetics for each source rock (Pepper & Corvi, 1995 TIII, TII). from the Late Cretaceous, the Klaverbank Formation resumed hydrocarbon generation with varying rates depending on the location. The highest ratio is observed in the wells K03-02 and K04-03 (ca. 60% and 58% respectively) on the Cleaverbank Platform (Fig. 12) . Towards the north, the transformation ratio is lower and reaches a value of ca 15% in well E10-02. An increase in the transformation ratio took place during the Miocene. This is apparent in all the 1D extractions from the study area.
Hydrocarbon generation in the Maurits Formation started during the Late Cretaceous-Early Paleogene in the whole area and reached a maximum value today. Transformation ratios vary over the area with the highest values observed in well K04-03 and well K03-02 (ca. 25%). Similar to the Klaverbank Formation, the transformation ratio in the Maurits Formation decreases northwards. An increase is observed during the Miocene over the whole area (Fig. 12 ).
Discussion
Input, assumptions and conditions
The outcome of basin modelling is dependent on the input data and the uncertainties involved. A number of assumptions and default set-ups have been introduced to the model. The distribution and thickness of the Carboniferous formations, and especially the Pre-Westphalian succession, is a major source of uncertainty in the model. The thickness and distribution of the Carboniferous layers were estimated from the base Permian (Pepper & Corvi, 1995 TIII, TII) .
subcrop map, well and regional information. The actual presence, location and properties of the source horizons in the Pre-Westphalian in the study area are as yet largely unknown. In the simulations we used a scenario where the entire Pre-Westphalian succession, which comprises the Namurian and Dinantian, is a source rock.
Calibration
The modelled temperatures in two wells (E10-02 and K01-02) show a good fit with well measurements (Fig. 9a) . The fit suggests that the combination of the heat flow and the thermal conduc tivity of the major lithologies is acceptable. Moreover, a good fit is achieved between modelled vitrinite reflectance and the measured values in a selection of wells (Fig. 9b ).
Modelling results
Burial history
The 1D burial histories indicate that deepest burial in most of the area is at present-day. In the north, the current burial depth of the source rocks is approximately the same as during the Jurassic and prior to the Mid-Late Kimmerian uplift phase (Figs  8 and 10 ). The model also shows that in the northern part of the study area (well E02-02; Fig. 8 ) deep burial takes place during the Late Carboniferous. Therefore, maturity is sensitive to the total erosion during the Saalian event in this area. The modelled maturities show a good fit with the measurements (Fig. 9a ). This indicates that the total thicknesses eroded during the Kimmerian uplift are not likely to be higher than the values used in the model.
Temperature history
An increase in temperature and therefore maturation can be achieved either by deep burial or higher heat flow. Our modelling results show that the burial effect in the study area has been more important than heat flow peak related to the Mid-Jurassic rifting event. The models show that maximum temperatures are reached when the layers are at deepest burial (Figs 7 and 8 ). 
History of maturity and HC generation
Source rocks in the Pre-Westphalian succession in the centre and the south of the study area were almost completely transformed into hydrocarbons by the Early Jurassic (Figs 10, 11 and 12) . This is because the Upper Carboniferous succession has not completely been eroded during Saalian uplift. Maturity models for the Namurian in adjacent areas show similar patterns (Schroot et al., 2006) . Abdul Fattah et al. (2012b) have shown that the Namurian in the inverted Broad Fourteens and the West Netherlands basins are overmature. The Namurian in these basins started to produce hydrocarbons already in the Late Carboniferous and reached an overmature state in the Jurassic.
In the northern part of the study area the original thickness of the overlying formations is less and the degree of uplift and erosion was more pronounced. Therefore, the Pre-Westphalian succession shows a low maturity in the range of 0.5 to 0.7% Ro which implies an immature to early mature gas prone source rock (Fig. 11) . The calculated transformation ratio from the area (well E02-02) indicates very low hydrocarbon generation rates (Figs 11 and 12) . Comparable maturity ranges have been reported by Schroot et al. (2006) for the Top Dinantian in the south-western parts of the Elbow Spit Platform.
In addition to the burial history, the differences in maturity of the Pre-Westphalian can be explained by differences in the type of organic material and the applied hydrocarbon generation kinetic model. In the centre and south of the study area, the Pre-Westphalian succession is assigned a Namurian marine facies with organic matter of kerogen type II. In the north, where the Namurian is eroded, the Pre-Westphalian (Dinantian) succession shows a fluvial and deltaic facies with organic matter of kerogen type III. The applied generation kinetics for kerogen type III results in relatively low transfor mation of the organic matter and hydrocarbon generation even when relatively high temperatures values are reached (Figs 8, 10, 12 and 13 ).
Maturity and transformation ratio simulation results show that the Westphalian formations are generally in the gas generating phase and even overmature in places (Figs 11 and  12 ). The maturity variations over the area can be attributed to differences in the burial of the Westphalian formations rather than to thermal anomalies or increased geothermal gradients.
The simulated transformation ratio of the Namurian shows that almost all of the organic matter was transformed to hydrocarbons by the end of Triassic-Early Jurassic. Although deeper burial and higher temperatures were reached later, limited amount of organic matter was left to produce gas in the Namurian after the Triassic. This implies that if the gas in the current fields was charged from Namurian source rocks, it must have been preserved for 200 million years and was not affected by (mainly) inversion events. Further research including simulation of hydrocarbon migration, charging and preservation is needed to assess the likelihood of preservation of Namuriansourced gas accumulations in Carboniferous and Upper Rotliegend reservoirs in the area.
The modelled transformation ratios of the Klaverbank and Maurits formations suggest that the main phase of hydro carbon generation took place during the Cenozoic (Fig. 12 ). Both Westphalian formations are expected to produce hydrocarbons until today. These Westphalian-derived gases are therefore a likely source for the gas fields in the area.
Based on gas sample analyses, Gerling et al. (1999) argue that the accumulated gas is a mixture of terrestrial and marine source rocks that can either be Namurian or Dinantian shales.
Considering the outcome of this study, the conclusion of Gerling et al. (1999) can be explained be one of the following scenarios. Firstly, an early trapping of hydrocarbons occurred already in Late Triassic -Early Jurassic. This would also imply the preserva tion of the traps since the trapping time. Secondly, recent generation of some hydrocarbons from the pre-Westphalian has taken place. Finally, a mixed source of gas could be explained by the presence of some marine organic matter in the Westphalian source rocks. Assessing these possibilities would require a detailed basin modelling study that cover hydrocarbon migration and charging as well as quantitative analyses of hydrocarbon generation.
Nitrogen
Nitrogen (N 2 ) is the most abundant non-hydrocarbon gas component encountered in the accumulations of natural gas in the Netherlands. In the offshore area, gas analyses from Rotliegend as well as Carboniferous fields in the K, J, D and E blocks show relatively high concentrations of nitrogen ( Fig. 14; NLOG database www.nlog.nl). The possible origin of the nitrogen in the gas accumulations in North Western Europe has been subject of many studies Gerling et al. 1997; Krooss et al. , 2005 Krooss et al. , 2006 Mingram et al., 2003 Mingram et al., , 2005 Verweij, 2008) . Although the source of nitrogen is still not very well understood, the organic material in the Westphalian coals can be an important contributor. Ammonium fixed in Namurian shales is another possible source of nitrogen.
Organic nitrogen is liberated from coal during maturation of the kerogen (early nitrogen phase) prior to the main gas generating phase (De Jager & Geluk, 2007) . Considering the maturity, the Klaverbank and Maurits formations may locally still be in the early nitrogen phase. Early nitrogen might therefore have been generated during the Cenozoic where the Westphalian started to generate gas (Fig. 12) . It is also possible that some early nitrogen is generated prior to the Cenozoic gas generation. Pre-Westphalian strata and the deepest parts of the Westphalian formations are thought to be a possible source of (late) nitrogen. Late nitrogen is formed in the final stage of gas generation after methane generation has practically ceased (e.g. . Krooss et al. (2005) suggest that the organic matter can act as a nitrogen source up to a maturity level of 4% Vr. Depending on the temperatures and timing of late nitrogen generation, this might have contributed to nitrogen accumulation in the gas reservoirs (Gerling et al., 1999; De Jager & Geluk, 2007) .
The release of non-organic nitrogen from shales requires relatively high temperatures (200-250 °C; Mingram et al., 2003; Krooss et al., 2006; Verweij, 2006) . Our model indicates that the Pre-Westphalian succession has reached temperatures between 150-220 °C (Figs 8, 11 and 13) . These temperatures might have led to the release of nitrogen from Namurian or Dinantian strata. Volcanism might have contributed to the liberation of nitrogen due to local temperature anomalies. Igneous rocks were found in a number of wells in the E block in the study area (Sissingh, 2004; Van Bergen & Sissingh, 2007) .
After all, it is difficult to attribute the nitrogen concentrations in the gas fields to a specific source. The contribution of Westphalian coal seams (early nitrogen phase) is likely to be present, but not easy to distinguish from late nitrogen whether organic or non-organic. More studies are needed in order to specify different sources of nitrogen in the gas fields. For this purpose, isotope analysis of nitrogen can help segregating different nitrogen groups and identifying their sources (Littke et al., , 2005 Gerling et al., 1997; Krooss et al., 1995 Krooss et al., , 2005 Krooss et al., , 2006 Verweij, 2006 Verweij, , 2008 .
Conclusions
In this study, recently compiled data from the main platforms in the northwestern part of the Dutch offshore (Cleaverbank and Elbow Spit Platforms) are used for a full 3D reconstruction of the burial and temperature history, source rock maturity and timing of hydrocarbon generation. The study focused on Carboniferous source rocks.
New boundary condition parameters are used in the modelling workflow. Basal heat flow is calculated in two wells in the area based on tectonic models. Newly refined sediment water interface temperatures (SWIT) are used for maturity and temperature modelling. A recently updated and refined palaeo water depth (PWD) curve is implemented in the simulation. New erosion thicknesses are reconstructed for the main erosion phases based on recently compiled data.
The 3D modelling results reveal remarkable variations in matu rity and hydrocarbon generation history between Westphalian and Pre-Westphalian source rocks. The Pre-Westphalian source rocks started hydrocarbon generation in Late Carboniferous times. In the southern and central parts of the study area, gas was generated from the Namurian until the Early Jurassic. In the major part of the study area, the Pre-Westphalian was overmature by Late Triassic times. The maturity of the Pre-Westphalian decreases toward the north. Westphalian coal seams are likely to have had the most significant contribution to the known gas fields, rather than Namurian or Dinantian source rocks.
The simulation of temperature, maturity and hydrocarbon generation for the Carboniferous indicate that there may be different sources explaining the occurrence of nitrogen in the gas accumulations in the area. Early nitrogen may have been co-generated prior or during the Cenozoic phase of gas generation in the Westphalian source rocks. In addition, the assumed Namurian source rock reached high temperatures and maturities corresponding to a late stage of nitrogen generation before the Kimmerian tectonic uplift phase. The temperatures reached during that time and later were also high enough to allow the release of non-organic nitrogen from Namurian shales. The effect of volcanic activity is probably local.
